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Effects of supplementary
lighting with different spectral
compositions on plant growth,
fruit development, and quality
formation of facility-grown
tomatoes

Dachun Sun'?, Chao Ma'*“, Xiaocui Liu?, Tiantian Ban! & Zhuo Chen?

Tomatoes cultivated in facility agriculture often encounter low-light stress in autumn, winter, and
early spring. This study aimed to investigate the effects of supplementary lighting with different
spectral compositions dominated by red-blue (RB) light on plant growth, fruit development, and
quality formation of early spring facility-grown tomatoes. Six supplementary lighting treatments were
set up: red-blue (RB), red-blue +red (RB +R), red-blue + blue (RB + B), red-blue + green (RB +G), red-
blue +far-red (RB +FR), and red-blue + ultraviolet A (RB + UVA). The treatment with no supplementary
lighting served as the control (CK), and supplementary lighting was provided from 06:00 to 08:30
and from 18:30 to 22:00 daily. The results showed that, compared with CK, supplementary lighting
with different spectral compositions significantly promoted plant growth, accelerated fruit ripening,
and improved yield and quality (P <0.05). Compared with the RB treatment, the RB + R treatment
significantly increased the number of large fruits and yield per plant by 25.79% and 6.94%,
respectively, demonstrating a superior effect on promoting yield formation over other treatments; the
RB + B treatment was beneficial for increasing stem diameter and leaf SPAD value, and the contents
of vitamin C and soluble protein were significantly higher than those in the RB treatment during the
late stage of fruit development (fruit color-breaking stage and mature stage); the RB +G treatment
had the highest average fruit weight, which was significantly increased by 8.29% compared with the
RB treatment; during the late stage of fruit development, the contents of lycopene, soluble protein,
amino acids, and total phenols in the RB + G treatment were significantly higher than those in the

RB treatment, and the soluble sugar content and sugar-acid ratio was the highest at the fruit mature
stage; the RB + FR treatment significantly increased the contents of soluble protein, soluble sugar,
amino acids, and the sugar-acid ratio during the late stage of fruit development, and the fruit color
parameters (a”* and b* values) were significantly higher than those of the RB treatment; the RB + UVA
treatment stimulated plant height growth in the short term and significantly increased the contents
of soluble protein, soluble sugar, and organic acids during the late stage of fruit development. The
results of this study provide a theoretical basis and technical reference for the regulation of the light
environment in facility agriculture and the efficient production of facility-grown tomatoes.

Keywords Different spectral compositions, Supplementary lighting, Tomato, Fruit development, Yield,
Quality

Facility agriculture is an agricultural production method characterized by high yield, efficiency, and added value.
When adverse conditions such as low temperature and weak light occur in the open field environment, facility
agriculture can maintain normal crop growth by artificially regulating environmental factors such as light,
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temperature, water, air, and fertilizer. However, due to the enclosed structure inside the facilities, the lighting time
is often short, the light intensity is weak, and the light distribution is uneven. Such a light environment is often
unsuitable for the growth and development of sun-loving crops such as tomatoes. In Guizhou Province, overcast
and rainy weather is frequent during the winter and spring seasons, with low sunshine duration. According to
statistics from the Guizhou Provincial Meteorological Bureau, the national average annual sunshine duration
is about 2107 h, and the average sunshine duration in winter and spring is about 428 h and 558 h, respectively.
From 2020 to 2025, the average annual sunshine duration in Guizhou Province was 1377.4 h, and the average
sunshine duration in winter and spring was 185.5 h and 337.4 h, respectively, which is far lower than the
national average. Weak light and short sunshine duration have become key factors limiting the high-quality and
efficient production of local facility agriculture. Artificial light supplementation can ameliorate the problem of
insufficient light inside the facilities under short sunshine duration, which is of great significance for enhancing
the productivity and quality of facility agriculture.

Red light and blue light are the two primary spectra involved in plant photosynthesis. Red light can promote
carbohydrate accumulation, induce the biosynthesis of ethylene and abscisic acid, and accelerate tomato fruit
ripening’. Red light has a significant effect on plant morphology and biomass accumulation in tomatoes?.
Supplementary red or blue light at night can significantly increase the content of lycopene, B-carotene, fructose,
and glucose in tomatoes and accelerate fruit ripening’. Properly increasing the proportion of blue light (R: B
= 1:0.8) can induce the upregulation of genes related to photosynthesis and carotenoid synthesis in tomatoes,
thereby improving light energy capture efficiency and carotenoid content, and promoting fruit development®.
Long-term exposure to monochromatic red light can decrease the photosynthetic capacity of plants (red light
syndrome), and the addition of blue light can eliminate this adverse effect®. Blue light can increase chlorophyll
content, promote the development of chloroplasts, palisade tissue, and spongy tissue, induce stomatal opening,
and protect the photosynthetic system, thereby facilitating the improvement of plant photosynthetic capacity®”.
However, an excessively low intensity of blue light can trigger a shade avoidance response®. Green light can
reverse the stomatal opening induced by blue light, trigger the shade avoidance response in plants, and maintain
circadian rhythms®-!!. Adding green light to red-blue light can promote biomass accumulation and yield
formation in vegetable crops such as tomatoes and peppers. Due to plants’ low absorption of green light, most
green light radiation is reflected or transmitted through the leaves, increasing the light intensity within the plant
canopy, thereby improving the photosynthetic capacity at the bottom of the canopy and regulating carbohydrate
distribution, promoting biomass accumulation'>!3. A low red/far-red ratio can trigger a shade avoidance
response, manifested as increased petiole/leaflength, and this effect is further enhanced by green light!. Research
has shown that the addition of far-red light promotes biomass accumulation and internode elongation in tomato
stems and leaves, thereby increasing yield'”. Far-red light and ultraviolet A (UVA) have significant effects on
strengthening cucumber and tomato seedlings'®. Studies have indicated that UVA can promote the development
of photosynthetic organs and exhibit functions similar to blue light in plant photosynthesis. Adding a low dose
of UVA to red light or red-blue light can stimulate the growth of tomatoes and lettuce, promote the elongation
of tomato stems and the expansion of leaf area, increase leaf light interception, and facilitate the accumulation of
biomass, anthocyanins, vitamin C (VC), and soluble sugars!'’~1°.

To explore the effects of supplementary lighting with different spectral compositions on the growth, yield,
quality, and fruit ripening of facility-grown tomato plants under short-day conditions, this study, based on
red-blue (1R:1B) light, added red, blue, green, far-red, and ultraviolet A light with different light intensities. It
systematically analyzed the effects of the different spectral supplementary lighting treatments on tomato growth,
yield components, fruit ripening dynamics, and quality formation. The aim is to provide a theoretical basis for
the regulation of the facility light environment and efficient tomato production.

Materials and methods

Test materials and plant growth conditions

The tomato cultivar used in this experiment was ‘Provence’ The supplementary lighting fixtures used were LED
(light-emitting diode) tubes (105.0 x 5.2 cm), capable of emitting red light (R, 660 nm), blue light (B, 450 nm),
green light (G, 525 nm), far-red light (FR, 730 nm), and ultraviolet A light (UVA, 395 nm), with adjustable light
quality and intensity. The fixtures were provided by Qiming Ditong Technology (Beijing) Co., Ltd.

The experiment was conducted in a plastic greenhouse at the Guizhou Academy of Agricultural Sciences
from March to June 2025. Tomato seeds were soaked in warm water at 55 °C for 15 min, germinated at room
temperature for 24 h, and then sown in 72-hole seedling trays. When the seedlings had developed 5 leaves
and 1 bud (March 3rd), uniform seedlings were transplanted into pots (31 cm diameter, 21 cm height) filled
with a substrate (peat: vermiculite: perlite=3:1:1, v/v/v). Each pot was supplemented with 1 kg of organic
fertilizer made from cow and sheep manure. Plants were irrigated with water before flowering and with a tomato
soilless cultivation AB water-soluble fertilizer after flowering. Side buds and lower old leaves were promptly
removed, and the plants were topped when they reached 5 fruit clusters. Except for the supplementary lighting
treatment, all other cultivation management measures were identical across treatments. Each treatment included
3 biological replicates, arranged in a completely randomized design.

From plant transplanting to the end of the experiment, the maximum day/night temperature in the greenhouse
was monitored as 43.0/27.5 °C, the average day/night temperature was 22.0/15.9 °C, and the minimum day/
night temperature was 3.6/3.4 °C. The maximum day/night humidity was 99.0/99.0%, with an average day/night
humidity of 72.1/87.6%, and the minimum day/night humidity was 15.0/27.0%. The highest, average, and lowest
light intensities during the day (photosynthetic photon flux density, PPFD / photon flux density, PFD) were
1052.1/1546.8, 196.7/288.0, and 0.2/0.5 pmol-m’z-s’l, respectively. From fruit setting to sampling, the maximum
day/night temperature in the greenhouse was 36.5/27.5 °C, the average day/night temperature was 22.6/17.7 °C,
and the minimum day/night temperature was 8.8/8.4 °C (monitored by the Xiaomengyu device provided by
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Photon flux density/(umol-m~%s~1)
Treatments | RB | R (500-600 nm) | B (400-500 nm) | G (600-700 nm) | FR (700-800 nm) | UVA (315-400 nm) | Photosynthetic photon flux density/(pmol-m~2-s~1)
CK 0 0 0 0 0 0 0
RB 200 0 0 0 0 0 200
RB+R 200 | 100 0 0 0 0 300
RB+B 200 0 100 0 0 0 300
RB+G 200 0 0 50 0 0 250
RB+FR 200 0 0 0 30 0 200
RB+UVA 200 0 0 0 0 10 200

RB+G

Table 1. Photon flux density and photosynthetic photon flux density of different spectral compositions.

3018
3026

RB+FR RB+UVA

Fig. 1. Spectra of LED (light-emitting diode) measured 25 cm below the light source for the six supplementary
lighting treatments: RB, RB+R, RB+B, RB+G, RB+FR, and RB+ UVA. PFD-R, PFD-B, PFD-G, PFD-FR,
PFD-UA, and PFD-Y denote the photon flux densityfor red (600-700 nm), blue (400-500 nm), green (500
600 nm), far-red (700-800 nm), ultraviolet A (350-400 nm), and the total photon flux density, respectively.

Xiaoyu (Beijing) Technology Co., Ltd.). PPED refers to the total number of photons with wavelengths between
400 and 700 nm incident on a unit area per unit time, expressed in pmol-m~2s~1. PFD refers to the total number
of photons within a specified spectral range incident on a unit area per unit time; the range most commonly used
in botany is 350-800 nm, expressed in pmol-m=2s7 1.

Light treatments

The experiment included a control with no supplementary lighting (CK) and six supplementary lighting
treatments with different spectral compositions(Table 1): RB (100 pmol-m~2.s"! R and 100 ymol-m~2.s™! B),
RB+R (RB+ 100 pmol-m~2.s"! R), RB+B (RB + 100 pumol-m~2s~! B), RB+ G (RB + 50 pmol-m~2.s"! G), RB+FR
(RB+30 pmol'm~2s~! FR), and RB+UVA (RB+ 10 pmol-m~%s~! UVA). Supplementary lighting began at the
bud expansion stage. To maintain a 16 h light / 8 h dark photoperiod, lights were turned on from 06:00 to
08:30 and from 18:30 to 22:00 daily, providing a total of 6 h of supplementary lighting per day. The LED light
sources were positioned approximately 25 cm above the plant growing points. The distance was adjusted timely
according to plant growth (when the distance reached 25-30 cm, it was adjusted back to 20-25 cm) to ensure
that the distance from the plant growing points to the light source was consistently maintained at 20-30 cm. The
spectrum measured 25 cm below the light source (at the height of the plant growing points) using a PG200N
handheld spectroradiometer (Upoptics Co., Ltd.) is shown in Fig. 1, and a photograph of the lighting setup is
shown in Fig. 2.
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Fig. 2. Photographs of tomato plants under different supplementary lighting treatments: CK (no
supplementary lighting), RB, RB+R, RB+B, RB+G, RB+FR, and RB+ UVA.

Plant morphology and SPAD measurement

After 14 and 42 days of supplementary lighting (before topping), 12 tomato plants were randomly selected (4
plants per replicate, 3 biological replicates) from each treatment for morphological measurements. Plant height
was determined by measuring the distance from the cotyledon node to the growing point with a tape measure.
Stem diameter was measured at the cotyledon node with a digital caliper. Leaf length and leaf width of the fourth
fully expanded leaf were measured using a ruler. SPAD values of the fourth fully expanded leaf were measured
using a handheld chlorophyll meter.

Recording of fruit ripening dates

Starting from the onset of fruit color-breaking, the following stages were recorded for each treatment: First fruit
color-breaking, first fruit mature, half plants color-breaking, half plants mature, all plants color-breaking, and
all plants mature.

Yield determination

Eighteen tomato plants (6 plants per replicate, 3 biological replicates) per treatment were harvested for color-
breaking and mature fruits. The total fruit number and total fresh weight were recorded to calculate the average
fruit weight and yield per plant. During the fruit expansion stage, color-breaking stage, and mature stage,
the number of large fruits (transverse diameter>70.0 mm), number of medium fruits (50.0 mm < transverse
diameter <70.0 mm), and number of small fruits (transverse diameter <50.0 mm) per plant were counted.

Determination of nutrient contents

Biochemical reagent kits provided by Suzhou Greathness Biotechnology Co., Ltd. were used to determine
nutrient contents. The specific operating procedures are detailed in the kit manuals. During the fruit expansion
stage, color-breaking stage, and mature stage, six fruits were sampled (two per replicate) from each treatment
for the determination of lycopene, vitamin C, soluble protein, soluble sugar, amino acids, and total phenols. The
determination methods employed were petroleum ether extraction for lycopene, the phenanthroline method for
vitamin C, the coomassie brilliant blue method for soluble protein, the anthrone colorimetric method for soluble
sugar, the ninhydrin colorimetric method for amino acids, and the folin-ciocalteu method for total phenols.
Organic acids were determined using acid-base titration. The sugar-acid ratio was calculated as soluble sugar
content divided by organic acid content.

Determination of appearance quality

During the fruit mature stage, nine fruits were collected (3 fruits per replicate, 3 biological replicates) per
treatment. Color parameters (L, a’, b") and fruit firmness were measured at three equidistant points on the
equatorial part of each tomato fruit using an NF555 colorimeter and a GY-4 fruit firmness tester, respectively.
The measurements were averaged for each fruit.

Statistical analysis

All data are presented as mean * standard error. Data were organized using excel software, and SPSS 26 software
was used for significance testing (P <0.05). Post hoc multiple comparisons were performed using the LSD test
(assuming equal variances) and Tamhane’s T2 test (not assuming equal variances). Origin 2022 software was
used for plotting.
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Results and analysis

Effects of supplementary lighting with different spectral compositions on tomato plant
growth

Supplementary lighting significantly promoted plant growth (Table 2). After 14 days of lighting, the RB treatment
significantly increased plant stem diameter and leaf SPAD values (P<0.05), with no significant differences in
other morphological traits compared with CK. After 42 days of lighting, plant height and leaf count increased
more rapidly. Plant height, stem diameter, leaf count, and SPAD values in the RB treatment were significantly
greater than those in CK. Additionally, leaf count in the RB treatment was significantly higher than that in the
RB+G, RB+FR, and RB+UVA treatments, reaching the maximum value among all treatments. The RB+R
treatment resulted in significantly greater stem diameter and SPAD values than CK after 14 days of lighting, a
trend similar to that of the RB treatment. After 42 days of lighting, plant height, leaf count, leaf length, and leaf
length x leaf width in the RB + R treatment increased significantly faster than in CK, with leaf count and leaflength
significantly greater than those in the RB+FR and RB+UVA treatments. The RB+B treatment significantly
increased stem diameter after 14 days of lighting. After 42 days of lighting, plant height and leaf SPAD values
increased significantly, with SPAD values significantly higher than those of other treatments. The growth trend
of plants in the RB+B treatment was similar to that in the RB+G treatment. The RB+FR treatment resulted
in significantly greater stem diameter and SPAD values than CK after 14 days of lighting, similar to the RB
and RB +R treatments. After 42 days of lighting, the leaf length growth rate accelerated, becoming significantly
higher than that of CK. The RB + UVA treatment resulted in significantly higher plant height, stem diameter, and
leaf count than CK after 14 days of lighting. After 42 days of lighting, SPAD values increased significantly, but
leaf count growth decreased.

Effects of supplementary lighting with different spectral compositions on tomato fruit
ripening
Supplementary lighting significantly promoted fruit ripening (Fig. 3A). After 60 days of supplementary lighting,
color-breaking fruits appeared in the RB+B treatment. After 65 days, all supplementary lighting treatments
had at least two fruits at the color-breaking or mature stage, with two mature fruits in the RB+B and RB+FR
treatments, respectively. After 69 days, two mature fruits appeared in the CK and RB+UVA treatments,
respectively, while all three labeled fruits in the other treatments were fully ripe.

As shown in Table 3, compared with CK, the RB, RB+R, RB+B, RB+G, RB+FR, and RB+ UVA treatments
advanced fruit color-breaking by 1-3 d, 0-2 d, 1-4 d, 2-3 d, 2-3 d, and 2-6 d, respectively, and advanced fruit
ripening by 0-3d, 0-4 d, 1-4 d, 1-3 d, 2-4 d, and 2-5 d, respectively.

Effects of supplementary lighting with different spectral compositions on tomato fruit
expansion and yield formation

Supplementary lighting promoted tomato fruit expansion and increased yield (Fig. 4A). The yield per plant
under each supplementary lighting treatment was significantly higher than that of CK, ranging from 8.22% to
16.10% higher (P<0.05). The RB+R and RB+G treatments significantly increased yield by 6.94% and 6.31%,
respectively, compared with the RB treatment. The average fruit weight in the RB + G treatment was the highest
(Fig. 4B), significantly increasing by 13.05% and 8.29% compared with CK and the RB treatment, respectively.
The next highest were the RB+FR and RB +R treatments, which significantly increased average fruit weight by
11.24% and 7.58% compared with CK, respectively.

Days of

supplementary
Indicator lighting CK RB RB+R RB+B RB+G RB+FR RB+UVA

14d 35.36+1.38b 36.22+1.20b 35.90+0.06b 36.24+2.09b 35.73+0.79b 36.39+2.12b 40.03+1.41a
Plant height/cm

42d 163.67+1.94c | 174.42+5.53ab | 174.00+3.61ab | 176.33+7.59ab | 179.50+3.54a 170.67 £4.78bc | 177.33+5.35ab

14d 8.45+0.22b 9.24+0.23a 9.02+0.23a 9.23+0.35a 9.09+0.31a 9.01+£0.23a 9.10+£0.20a
Stem diameter/mm

42d 12.83+0.34b 15.15+0.36a 14.89+0.16a 15.22+0.60a 14.92+0.34a 14.60£0.71a 14.63+0.18a
leaf 14d 12.42+0.38b 13.00+£0.50ab | 12.67+0.52ab | 12.58+0.58ab | 12.42+0.29b 12.83+0.38ab | 13.17+0.14a
eaf count

42d 25.25+0.66 cd | 26.25+0.25a 26.00+£0.50ab | 25.58+0.14abc | 25.42+0.38bcd | 25.25+£0.43 cd | 24.83+0.14d

14d 7.04+0.37ab 6.84+0.14abc | 7.29+0.14a 6.99+0.40ab 6.77+0.37abc | 6.55+0.61bc 6.31+0.38¢
Leaf length/cm

42d 11.25+0.46b 11.97+0.81ab | 12.22+0.63a 12.01+£0.30ab | 11.83+0.05ab 12.05+0.15a 12.15+0.28a

14d 3.52+0.10abc | 3.63+0.10ab 3.60+0.06ab 3.69+0.11a 3.37+0.13c 3.43+0.25bc 3.38+0.04c
Leaf width/cm

42d 5.96+0.52a 6.46+0.03a 6.30+0.38a 6.11+£0.25a 6.27+0.13a 6.00+0.252 5.96+0.33a
LeaflengthxLeaf | 14d 24.96+1.92abc | 24.89+0.56abc | 26.28+0.85a | 25.83+2.33ab | 22.87+2.09abc | 22.57+3.66bc | 21.36+ 1.54c
width/em? 42d 67.29+7.96b 77.46+4.97a 77.21+7.87a 73.39+2.74ab | 74.23+1.24ab | 72.63+3.38ab | 72.45+4.81ab
SPAD 14d 65.90+1.68c 69.24+2.16a 68.85+0.55ab | 66.32+0.47bc | 64.24+2.94c 69.10+0.21ab | 64.04+1.28¢

42d 61.43+1.73c 63.87+0.09b 62.88+0.32bc | 65.92+0.83a 63.96+0.91b 63.33+1.07b 63.85+0.79b

Table 2. Effects of supplementary lighting with different spectral compositions on tomato plant growth after
14 and 42 days. Data are presented as mean + standard error (1 =3 biological replicates). Different letters
indicate significant differences at P<0.05.
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Fig. 3. Fruit ripening process recorded photographically at 45, 60, 65, and 69 days after the initiation of
supplementary lighting. For each treatment, three fruits at the same position on three different plants were
selected and marked during the fruit expansion stage. “1” indicates color-breaking fruits, and “2” indicates
mature fruits.

The period from the fruit expansion stage to the color-breaking stage is critical for yield formation. As shown
in Fig. 4C-E, from the fruit expansion stage to the mature stage, the increment in the number of large fruits
was largest in the RB+R treatment, increasing from 0.06 to 5.17 per plant, followed by the RB+ G treatment,
increasing from 0.33 to 4.78 per plant. The number of small fruits in the CK treatment decreased from 11.89 to
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Ripening Indicator CK |RB [RB+R [RB+B |RB+G | RB+FR | RB+UVA
First fruit color-breaking |62 |60 |62 58 60 60 56
First fruit mature 64 |64 |64 61 62 62 59
Half plants color-breaking | 65 |64 | 64 64 63 63 63
Half plants mature 67 |66 |66 66 66 65 65
All plants color-breaking |69 |66 |67 66 66 66 66
All plants mature 71 |68 |67 67 68 67 67

Table 3. Days of supplementary lighting at fruit color-breaking and mature stages under different spectral
treatments.

3.17 per plant, a greater reduction than in the supplementary lighting treatments. During the expansion stage
(Fig. 4C-E), except for the RB+FR and RB+UVA treatments, large fruits appeared in CK and the other four
supplementary lighting treatments. The number of medium fruits in all supplementary lighting treatments was
significantly higher than that in CK, and the RB+G treatment had a significantly higher number of medium
fruits than the RB treatment. There were no significant differences in the number of small fruits among the
various supplementary lighting treatments, but supplementary lighting tended to reduce the number of small
fruits. During the fruit color-breaking stage (Fig. 4C-E), the total fruit number in the RB+B treatment was
significantly higher than that in CK, while the number of large fruits in the RB+ G treatment was significantly
higher than that in CK. The number of medium fruits in the RB+G treatment was significantly lower than
that in the RB+R and RB+B treatments. During the fruit mature stage (Fig. 4C-E), the total fruit number
in the RB+R and RB+B treatments was significantly higher than that in CK. The number of large fruits in
all supplementary lighting treatments was higher than that in CK, and the differences were significant for all
supplementary lighting treatments except RB + UVA. Notably, the number of large fruits in the RB + R treatment
was significantly increased by 63.09% and 25.79% compared with CK and the RB treatment, respectively. During
the fruit mature stage, supplementary lighting treatments had no significant effect on the number of medium
fruits, but the RB + B treatment had the highest number of medium fruits, significantly higher than the RB+G
treatment. The RB + UVA treatment had the highest number of small fruits, significantly higher than the RB+R
treatment.

Effects of supplementary lighting with different spectral compositions on nutrient contents
in tomato fruits at different growth stages

Supplementary lighting significantly upregulated lycopene accumulation (Fig. 5A). From the fruit color-breaking
stage to the mature stage, the increment in lycopene content was largest in the RB + G treatment, increasing from
0.90 to 39.08 g-kg™!, while the increment in CK was the smallest, increasing from 0.73 to 13.66 g-kg~'. During the
fruit color-breaking stage, the lycopene content was highest in the RB + R treatment, with significant differences
compared with other treatments (P<0.05). Except for the RB treatment, all supplementary lighting treatments
had significantly higher Iycopene content than CK. From the color-breaking stage to the mature stage, lycopene
accumulated rapidly, and all supplementary lighting treatments had significantly higher lycopene content than
CK. At fruit maturity, the lycopene content in the RB+G treatment was the highest, followed by the RB+FR
treatment. The difference between these two treatments was significant, and both were significantly higher than
the other treatments.

Vitamin C content gradually increased during fruit development, and its accumulation was influenced by
light exposure (Fig. 5B). From the fruit expansion stage to the mature stage, the increment in vitamin C content
was largest in the RB+B treatment, increasing from 3.07 to 11.40 g-100 g~!, while the increment in CK was
the smallest, increasing from 3.47 to 9.65 g-100 g~ 1. During the fruit expansion stage, supplementary lighting
decreased vitamin C content. Except for the RB+R treatment, all supplementary lighting treatments had
significantly lower vitamin C content than CK. By the fruit color-breaking stage, the RB+R, RB+B, and RB+G
treatments significantly promoted vitamin C accumulation, while the RB treatment remained significantly lower
than CK and the other supplementary lighting treatments. At fruit maturity, the RB+B, RB+G, RB+FR, and
RB+UVA treatments significantly promoted vitamin C accumulation, with the RB+B treatment having the
highest content, significantly higher than other treatments except RB+G.

Soluble protein content exhibited a trend of initially decreasing and then increasing during tomato fruit
development (Fig. 5C). During the fruit expansion stage, the RB, RB+R, and RB+B treatments significantly
promoted soluble protein accumulation. By the fruit color-breaking stage, the RB + G treatment notably inhibited
the degradation of soluble proteins, with accumulation significantly higher than in other treatments. After fruit
ripening, soluble protein content in the RB+B and RB+UVA treatments was significantly higher than that in
the CK, RB, and RB +FR treatments. During fruit development, the RB treatment exhibited an effect of initially
promoting and subsequently inhibiting soluble protein synthesis.

Sugars and acids are two crucial indicators affecting the taste of tomatoes, and their contents and ratio are
regulated by different spectral compositions (Fig. 5D-F). Supplementary lighting had no significant effect on
sugar and acid contents during the early stage of tomato fruit development. As the duration of supplementary
lighting gradually increased, by the fruit color-breaking stage, the RB+FR and RB+UVA treatments
significantly promoted soluble sugar accumulation, while the RB+G and RB+UVA treatments significantly
promoted organic acid accumulation. When the duration of supplementary lighting was further extended to
fruit maturity, the RB+R and RB+G treatments significantly promoted soluble sugar accumulation, with the
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Fig. 4. Yield per plant (A) and average fruit weight (B) of tomato under different supplementary lighting
treatments. The average total fruit number per plant (C), number of large fruits per plant (D), number

of medium fruits per plant (E), and number of small fruits per plant (F) were recorded at the fruit
expansion, color-breaking, and mature stages. Large fruits: transverse diameter >70.0 mm; medium fruits:
50.0 mm < transverse diameter <70.0 mm; small fruits: transverse diameter <50.0 mm. No large fruits

were observed in the RB+FR and RB + UVA treatments at the fruit expansion stage. Data are presented as
mean * standard error (n=3 biological replicates). Different letters indicate significant differences at P<0.05.

soluble sugar content in the RB + G treatment reaching the highest value. Soluble sugar contents in the RB+R,
RB +G, RB +FR, and RB + UVA treatments were significantly higher than those in CK and the RB treatment. The
RB+R and RB+UVA treatments significantly promoted organic acid accumulation during the mature stage,
whereas the RB, RB+G, and RB + FR treatments showed the opposite effect. The sugar-acid ratio in the RB+G
treatment was the highest at fruit maturity, followed by the RB + FR treatment. The difference between these two
treatments was significant, and both were significantly higher than other treatments.

The trend of amino acid content changes was similar to that of soluble protein, and its content was also
influenced by different spectral compositions (Fig. 5G). During the fruit expansion stage, the RB, RB+B, and
RB+FR treatments significantly promoted amino acid synthesis. During the fruit color-breaking stage, in
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Fig. 5. Contents of nutritional substances in tomato fruits at the expansion, color-breaking, and mature stages
under supplementary lighting with different spectral compositions. Lycopene (A), Vitamin C (B), Soluble
protein (C), Soluble sugar (D), Organic acid (E), Sugar-acid ratio (F), Amino acid (G), Total phenols (H).
Lycopene was not detected at the fruit expansion stage. Data are presented as mean + standard error (n=3
biological replicates). Different letters indicate significant differences at P<0.05.
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Fig. 6. Effects of supplementary lighting with different spectral compositions on tomato fruit firmness

and color. Fruit firmness (A), L (B) value (lightness), a” (C) value (green-red: a’ < 0 indicates green, a' > 0
indicates red), b" (D) value (blue-yellow: b" < 0 indicates blue, b > 0 indicates yellow). Data are presented as
mean + standard error (n=3 biological replicates). Different letters indicate significant differences at P<0.05.

addition to the RB treatment, the other supplementary lighting treatments also significantly promoted amino
acid synthesis, and amino acid contents were significantly higher than in the RB treatment. After fruit ripening,
amino acid contents in the RB and RB+ UVA treatments decreased significantly. The effect of the RB treatment
on amino acid synthesis was similar to its effect on soluble protein, exhibiting an initial promotion followed by
inhibition.

Total phenol content in tomato fruits at all growth stages was influenced by different spectral compositions
(Fig. 5H). Specifically, during the fruit expansion stage, the RB+R, RB + G, and RB + FR treatments significantly
promoted total phenol accumulation. During the fruit color-breaking stage, the RB and RB+G treatments
significantly promoted total phenol accumulation. At fruit maturity, total phenol content in the RB+R, RB +B,
RB+G, and RB + UVA treatments was significantly higher than that in CK, RB, and RB + FR treatments.

Effects of supplementary lighting with different spectral compositions on tomato fruit
firmness and color

Fruit firmness and color are important appearance quality traits and serve as significant indicators for assessing
fruit storability and maturity. Supplementary lighting had no significant effect on fruit firmness or the L value
of tomato fruits (Fig. 6). Except for the RB+G treatment, which had no impact on the a" value, all other
supplementary lighting treatments significantly increased the a" value of the fruits (P<0.05). The RB+FR
treatment exhibited the highest a” and b” values, significantly surpassing those of all other treatments.

Discussion

The light environment (including light quality, light intensity, and photoperiod) plays a significant regulatory
role in plant morphogenesis. Previous studies have shown that supplementary red-blue light can significantly
increase tomato plant height, stem diameter, leaf area, and biomass?. Red, blue, and green light can significantly
increase leaf area?®?!. This study found that in the later stage of supplementary lighting (42 days), the RB and
RB + R treatments significantly (P < 0.05) increased leaf count and leaf length x leaf width. This may be because
the increased light intensity induced leaf growth and leaf area expansion, and red light (with a red light ratio >
50%) may play a major role in these processes. However, there was no significant difference in leaf count and
leaf length x leaf width between the RB + B, RB + G, RB + FR, RB + UVA treatments and CK. This might be
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due to the relatively low proportion of red light in the total light intensity (red light ratio < 50%). Blue light or
mixed red-blue light is beneficial for chlorophyll accumulation?®2. In this study, the leaf SPAD value in the RB + B
treatment was significantly higher than that in other treatments in the later stage of supplementary lighting. This
could be because blue light facilitates chlorophyll accumulation, or because the higher light intensity of the RB +
B treatment promoted chlorophyll accumulation. Some research results indicate that adding UVA significantly
promotes stem growth in tomato seedlings'’, while another study reported opposite results'®. This discrepancy
arises because different species have different responses to light of the same wavelength. In this study, adding
UVA promoted plant height growth in the early stage of supplementary lighting (14 days), but there was no
significant difference compared with other treatments in the later stage (42 days). It is speculated that short-term
UVA exposure can stimulate tomato plant growth.

Light quality and light intensity can influence the ripening process of tomato fruits. Red light accelerates
fruit ripening by inducing ethylene synthesis' and promotes early fruit coloring by enhancing the accumulation
of lycopene and B-carotene?. Blue light also exhibits similar effects?’. Studies have shown that red-blue light
induce the expression of related genes by activating the phototransduction factors HY5 and PIFs, thereby
regulating lycopene, carotenoid, and sugar metabolism to promote fruit ripening®?°. Post-harvest tomato fruit
ripening can also be promoted by a combination of red and ultraviolet light?°. The results of this study indicate
that the different spectral supplementary lighting treatments dominated by red-blue light promoted lycopene
accumulation and accelerated fruit ripening, which is consistent with previous research findings. Currently,
research on the regulatory mechanisms of green, far-red, and ultraviolet light on fruit ripening is relatively
scarce. Future studies are needed to deeply explore the roles of these light qualities and light intensities in fruit
development to expand the understanding of light-regulated ripening mechanisms.

These key light environmental factors (light quality, light intensity, and photoperiod) are also critical
determinants of tomato yield formation. Under low-light conditions, artificial supplementary lighting, especially
the supplementation of red-blue light, can significantly increase tomato yield. The mechanism involves, on one
hand, optimizing the light quality ratio and increasing light intensity to enhance the crop photosynthetic rate, and
on the other hand, extending the photoperiod to prolong the duration of crop photosynthesis. Photosynthesis
is the foundation of yield formation. Both increasing the photosynthetic rate and extending its duration are
conducive to biomass accumulation?’. The results of this study indicate that, compared with no supplementary
lighting (CK), supplementing with composite light dominated by red-blue light promoted fruit expansion by
optimizing the light quality combination, increasing light intensity, and prolonging illumination time, thereby
increasing yield per plant. Notably, the yield per plant in the RB + R and RB + G treatments was significantly
higher than that in the RB treatment. This may result from the combined effect of increased light intensity
and the photobiological characteristics of red light and green light. Specifically, red light may be more effective
in promoting plant photosynthesis than other light qualities, while green light has the potential to regulate
carbohydrate distribution, improve the crop canopy light environment, and drive photosynthesis'>!*2. The
addition of red light and green light increased light intensity and enhanced plant photosynthetic capacity, thus
increasing tomato yield per plant. In lettuce, replacing part of the blue light with far-red light can promote
biomass accumulation”, and in tomatoes, adding far-red light to red light can increase fruit dry and fresh
weight®. This study found that the order of tomato yield per plant from high to low was RB + R, RB + G, RB +
B, RB + FR, RB, RB + UVA, CK. The yield per plant of the RB + B and RB + FR treatments was higher than that
of the RB treatment, but the difference was not significant. Therefore, it is speculated that this may be related to
the magnitude of the increase in light intensity from blue and far-red light. Subsequent studies could conduct
relevant research based on this hypothesis, exploring different light intensities.

Light quality, light intensity, and photoperiod all have significant effects on tomato quality formation. Studies
have found that red light can positively regulate the accumulation of lycopene, soluble sugars, and phenolic
compounds. Under conditions of combined red and ultraviolet light or a high red/far-red ratio, lycopene
accumulation is significantly increased?®31:32. Blue light is conducive to the accumulation of vitamin C, soluble
proteins, amino acids, total phenols, lycopene, and carotenoids****. In this study, compared with no supplementary
lighting, the increased light intensity and illumination duration from supplementary lighting provided more
light energy for the synthesis of various nutrients, promoting the overall accumulation of lycopene, vitamin
C, soluble sugars, and other nutrients. However, this study also observed that some supplementary lighting
treatments inhibited the accumulation of certain nutrients. For example, the RB treatment reduced the contents
of vitamin C, soluble protein, soluble sugar, and amino acids in the later stage of supplementary lighting (fruit
color-breaking stage and mature stage), and the RB, RB + G, and RB + FR treatments reduced organic acid
content at the fruit mature stage. These results indicate that tomato plants exhibit significantly different responses
to different light qualities and intensities at different growth stages. Previous studies have shown that far-red light
positively regulates soluble sugar accumulation in tomatoes®®. UVA can stimulate lettuce growth and promote
the accumulation of vitamin C, soluble sugars, soluble protein, and phenolic compounds!®*. Replacing a small
amount of red light with green light can significantly promote sucrose accumulation and regulate nitrogen
metabolism®”. Compared with the RB treatment, the differences in nutrient contents in the other supplementary
lighting treatments were mainly manifested during the late stage of fruit development (color-breaking stage and
mature stage). Specifically, compared with the RB treatment, supplemental red light and blue light significantly
increased vitamin C and soluble protein during the late stage of fruit development; supplemental green light
significantly increased lycopene, soluble protein, amino acid, and total phenol contents; supplemental far-red
light significantly increased soluble protein, soluble sugar, and amino acid contents, as well as the sugar-acid
ratio; supplemental UVA significantly increased soluble protein, soluble sugar, and organic acid contents. This
indicates that both increased light intensity and altered light quality can regulate nutrient metabolism in tomato
fruits, and tomato fruits may have enhanced light sensitivity during the late stage of development. The color
of tomato fruits is related to the accumulation of pigments such as lycopene, carotenoids, and anthocyanins.
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During fruit ripening, chlorophyll is degraded while pigments like lycopene are synthesized. Supplementary
lighting accelerates chlorophyll degradation and promotes pigment accumulation®, thereby increasing the fruit
redness value.

Due to the varying requirements of plants for different spectral compositions, this study designed different
spectral supplementary lighting treatments based on conclusions from previous research. Consequently, there
were differences in both light quality and light intensity among the treatments. Therefore, it remains unclear
whether the results of this experiment are driven solely by light quality, solely by light intensity, or by the
interaction of light quality and light intensity. Subsequent research can be conducted to address this limitation.
Additionally, this study only selected the ‘Provence’ cultivar for investigation and did not measure photosynthetic
parameters. These aspects can be explored in future research.

Conclusion

This study systematically compared the effects of supplementary lighting with different spectral compositions
dominated by red-blue light on plant growth, fruit ripening indicators, yield components, and quality formation
in facility-grown tomatoes under low-light and short-day conditions. The results showed that, compared with no
supplementary lighting, supplementary lighting with different spectral compositions all promoted plant growth
and had significant effects on improving quality, increasing yield, and accelerating fruit ripening (P<0.05).
Compared with the RB treatment, the RB +R treatment significantly increased yield per plant and the number
of large fruits by 6.94% and 25.79%, respectively (P <0.05), demonstrating the best yield-increasing effect among
all supplementary lighting treatments; the RB + B treatment was beneficial for increasing stem diameter and leaf
SPAD values, and the contents of vitamin C and soluble protein were significantly higher than those in the RB
treatment during the late stages of fruit development (fruit color-breaking stage and mature stage); the RB+G
treatment had the highest average fruit weight, which was significantly higher (by 8.29%) than that of the RB
treatment; during the late stages of fruit development, the RB+ G treatment had significantly higher contents
of lycopene, soluble protein, amino acids, and total phenols than the RB treatment; the RB+FR treatment
significantly increased soluble protein, soluble sugar, and amino acid contents, as well as the sugar-acid ratio,
during the late stages of fruit development, and significantly elevated fruit color parameters (a” and b" values)
compared with the RB treatment; the RB+ UVA treatment stimulated plant height growth in the short term and
significantly increased soluble protein, soluble sugar, and organic acid contents during the late stages of fruit
development.

Implications and future research

This study addresses the practical production problem of low-light stress in facility-cultivated tomatoes caused
by insufficient sunshine in winter and spring in Guizhou Province, and clarifies the regulatory effects of
supplementary lighting with different spectral compositions on tomato growth, yield, and quality. Growers can
select the corresponding supplementary lighting schemes according to different production objectives, such as
increasing yield, improving nutritional quality, and promoting early fruit ripening, which provides a practical
reference for supplementary lighting cultivation of facility tomatoes in the local area. In subsequent research, the
independent regulatory effects of light quality and light intensity can be further explored, adaptability studies
of supplementary lighting can be carried out for more main cultivated tomato varieties, and the technical
parameters of supplementary lighting can be optimized in combination with actual field production conditions.

Data availability
The datasets generated during or analysed during the current study are not publicly available due to the data that
has been used is confidential but are available from the corresponding author on reasonable request.
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